In order to provide evidence for an association of cell surface laminin with the cytoskeleton, we have examined the detergent extractability of cell surface laminin on murine fibrosarcoma cells. We utilized indirect immunofluorescence with affinity-purified antilaminin antibodies to determine the distribution, mobility and detergent extractability of laminin bound to the cell surface. We demonstrate that antibody induces clustering of cell surface laminin rendering it resistant to detergent extraction.
In order to provide evidence for an association of cell surface laminin with the cytoskeleton, we have examined the detergent extractability of cell surface laminin on murine fibrosarcoma cells. We utilized indirect immunofluorescence with affinity-purified antilaminin antibodies to determine the distribution, mobility and detergent extractability of laminin bound to the cell surface. We demonstrate that antibody induces clustering of cell surface laminin rendering it resistant to detergent extraction.
At low receptor occupancy, approx. 80% of cell surface laminin is detergent-extractable. If cell surface laminin is induced to cluster with anti-laminin antibody, IB4 isolectin from Bandeiraea simplicifolia or by high receptor occupancy, then it is rendered resistant to detergent extraction. This process is temperature-sensitive and inhibited by cytochalasin D (CD). On the basis of these findings, we propose a model in which laminin anchored in the basement membrane in vivo affects the cellular cytoskeleton by facilitating the clustering of cell surface transmembrane laminin receptors which are able to interact with cellular actin. @ 1986 Academic Press, Inc.
It is now clear that components in the extracelluiar matrix have important effects on cellular migration, growth and differentiation [l, 21. Although the mechanisms by which extracellular matrix components mediate these effects are largely unknown, there is now evidence that cells may interact with extracellular matrix via specific cell surface receptors. We have recently described the isolation of a cell surface protein of M, approx. 70 kD from murine fibrosarcoma cells which binds the basement membrane glycoprotein laminin with specificity and high affinity (kD 2 nM) [3] . Similar laminin receptor proteins have now been described in a variety of cell types, including normal and malignant mammary cells, muscle cells, hepatocytes and inflammatory cells [4, 61. In addition, receptors for fibronectin and collagen have also recently been described .
It has been suggested that the effects of extracellular matrix components on cellular behaviour may be mediated through the cytoskeleton. Sugrue & Hay [ 1 l] have demonstrated that a variety of extracellular matrix components, including soluble laminin, can cause a reorganization of the cellular cytoskeleton. They postulated that these effects might be mediated by specific cell surface receptors capable of interacting with both extracellular matrix components and the cytoskeleton. We have recently found that the 70 kD laminin receptor protein purified from murine fibrosarcoma cells is also capable of binding to cellular cytoskeletal actin in vitro [12] . This binding was demonstrated both by co-sedimentation of the receptor with actin and the binding of the receptor to actin immobilized on filters. The receptor reduced the viscosity of actin filaments and caused the bundling of parallel filaments.
Based on the ability of this receptor to bind both extracellular laminin and intracellular actin, we named the protein 'connectin' [12] . We postulate that connectin is a transmembrane protein capable of mediating the interaction of the cellular cytoskeleton and the extracellular matrix. In order to provide evidence for a functional link between cell surface laminin and the cytoskeleton, we have now studied the ability of detergent to extract laminin bound to the surface of murine fibrosarcoma cells. We report that laminin can be induced to cluster on the surface of cells using a variety of agents and that clustered cell surface laminin is resistant to detergent extraction. This process is temperature-sensitive and is inhibited by cytochalasin D (CD) which blocks actin polymerization.
Based on these findings, we propose a model in which the configuration of laminin in the extracellular matrix affects the organization of actin in the cellular cytoskeleton through the clustering of transmembrane laminin receptors.
MATERIALS AND METHODS

Cells
Np cells derived from a methylcholanthrene-induced murine fibrosarcoma were cultured as previously described [l3] . These cells display cell surface laminin receptors but have no detectable endogenous cell surface laminin [3] .
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Reagents
Laminin. Laminin was prepared from the EHS (Engelbreth-Helm-Swarm) tumour maintained in C57/BL6 mice [14] . Purity was verified by gel electrophoresis. Laminin-coated dishes were prepared by drying laminin at 2 pg/cmZ on tissue culture chamber slides (Miles Scientific, Naperville, III.). Laminin was iodinated to a specific activity of 4 uCi/pg using Enzymobeads (Bio-Rad, Richmond, Calif.). Polyclonal anti-laminin antibody, raised in rabbits and, purified by affinity chromatography has previously been characterized [15] . IB, isolectin from Bandeiraea simplicifolia was obtained from Sigma (St. Louis, MO.).
Immunojluorescence
Cells were harvested using 3 mM EDTA in Earle's Balanced salt solution (EBSS). 3~ lo6 cells were incubated with 20 pg laminin in 0.5 ml EBSS for 30 min. All procedures were performed at 22°C unless otherwise noted. Following washing x2 in EBSS to remove unbound laminin, cells were incubated with a 1 : 100 dilution of anti-laminin antibody for 20 min, washed and then incubated with a 1 : 100 dilution of rhodamine-conjugated goat anti-rabbit antibody for 20 min. Following washing, cells were mounted in 20% glycerol in EBSS and examined for fluorescence [IS] . Where indicated, cells were extracted with 1% 'Biton X-100 (Sigma) for 10 min. In order to detect F-actin, rhodamine-conjugated phalloidin was utilized. Cells were allowed to attach to tissue culture or laminin-coated slides, fixed with 3 % formaldehyde for 10 min and extracted with 1% Triton X-100 for 10 min. One aliquot of cells was preincubated with 5 uM cytochalasin D (Sigma) for 1 h prior to harvesting.
Quantitation
of Bound Cell Surface Laminin 3x lo6 cells were incubated with 2x lo6 cpm ["-?]laminin (4 pCi/ug) for 30 min. All procedures were performed at 22°C. To qua&ate laminin bound to the detergent resistant cytoskeleton, cells were solubilized with 1% Triton X-100 for 10 min. We have previously demonstrated that this concentration of detergent has no effect on the binding of laminin to purified laminin receptor [3] . Control cells were treated with EBSS instead of detergent. Unbound laminin was separated from laminin bound to the cell surface or cytoskeleton by sedimentation through a Percoll cushion (Sigma). 150 ul of extract was layered on 150 pl of 15% Percoll in EBSS in a 400 ul conical tube (Beckman, Palo Alto, Calif.) and centrifuged at 12000 g for 10 min. Whole cells, cytoskeletal components and associated proteins sediment through the Percoll, while unbound ['2SI]laminin does not.
Following sedimentation the tubes were clamped, cut above the pellet, and [iz51]laminin in the pellet assessed by gamma counting. Data are expressed as percent laminin associated with the cytoskeleton calculated as: cpm pellet in presence of detergent x 1OO. cpm pellet in absence of detergent The effects of anti-laminin antibody and IB., isolectin from Bandeiruen simplicifolia on laminin association with the cytoskeleton was determined using detergent extraction and Percoll sedimentation as described above. 3~ lo6 Ceils were incubated with ['251]laminin, washed and then incubated with either a 1 : 100 dilution of anti-laminin antibody or varying concentrations of IB4 isolectin, washed three times and then extracted with 1% Triton X-100. Cytoskeletal associated ['*'I]laminin was determined by sedimentation through Percoll as desribed above. Duplicate samples not treated with detergent were used to determine total laminin bound to the cell surface. Where indicated, cells were cultured in the presence of 5 uM CD for 1 h prior to harvesting. This CD pretreatment had no effect on laminin binding to the ceil surface. In figs 3 and 4, the data shown represent the mean of triplicate values with SE< 10 % of mean.
RESULTS
Distribution and Detergent Extractibility of Cell Surface Laminin
We used immunofluorescence with affinity-purified anti-laminin antibodies to determine the distribution and mobility of laminin on the cell surface. When laminin-coated cells were incubated at 22°C with affinity-purified anti-laminin antibody and rhodamine-conjugated second antibody, clusters resistant to detergent extraction were seen ( fig. 1 B) . If these experiments were performed at 4°C to prevent clustering, then the fluorescence was removed with detergent extraction (fig. 1A) . These experiments suggest that laminin clustering by antibody is temperature-dependent.
Furthermore, the resistance of clustered cell surface laminin to detergent extraction suggest an association with the cytoskeleton.
Distribution of Cellular Actin
The above experiments suggested the association of clusters of cell surface laminin with the cytoskeleton.
In the basement membrane in vivo laminin molecules are immobilized by binding to other basement membrane components 1161. 1 ng boundi6x 16 cells) . One aliquot was treated with anti-laminin antibody (1 : 100 dilution), free antibody removed, and cells were then treated with Triton X-100. Cytoskeletal associated laminin was determined by sedimentation through Percoll as described in Methods. Another aliquot was treated with Triton X-100 prior to the antilaminin
We therefore determined the effect of a laminin substratum on cellular actin organization using rhodamine-conjugated phalloidin to detect F-actin. When Np cells were incubated on laminin-coated slides, they attached, spread, and rapidly developed an organized network of actin filaments ( fig. 2A) . Cell spreading and actin organization did not occur during this time period on control slides that were not laminin-coated ( fig. 2B ). Actin organization in cells on laminin-coated slides was disrupted by CD ( fig. 2C ). When unfixed cells on laminin substrata were extracted with detergent prior to treatment with rhodamine phalloidin, a dense network of actin filaments remained associated with the substratum (fig.  20 ).
Quantitation oj'Cel1 Surface Laminin-Cytoskeleton Association
In order to quantitate the association of cell surface laminin with the cytoskeleton, Np cells were incubated with ['251]laminin, and then extracted with Triton X-100 detergent. Cell membrane components not associated with the cytoskeleton are removed by this procedure [16, 171 . As shown in table 1, when trace amounts of [1251] iaminin are bound to Np cells, 82% of the bound laminin is extractable, indicating that under these conditions 18 % of cell surface laminin is associated with the detergent-resistant cytoskeleton. 4 . Effect of increasing surface-bound laminin on its association with the cytoskeleton. 3x 10' cells were incubated with laminin of varying specific activities. For each point, one set of cells were detergent-treated. Total laminin, bound in the absence of detergent, was calculated based on cpm bound and laminin-specific activity. A duplicate set of tubes was detergent-extracted and the percentage of cell surface laminin associated with the cytoskeleton was calculated as described in Methods.
Effect of cross-linking agents on laminin-cytoskeleton association. The immunofluorescence studies described above suggested that a multivalent ligand such as anti-laminin antibody could produce clustering of cell surface laminin rendering it resistant to detergent extraction. This was confirmed and quantitated using surface-bound ['251]laminin. Anti-laminin antibody addition prior to detergent extraction increased the detergent-resistant fraction from 18 % to 66 %. This effect was not seen if the cells were treated with detergent prior to antibody addition (table 1). These observations are consistent with the hypothesis that anti-laminin antibody promotes clustering of cell surface laminin promoting its association with the cytoskeleton.
BJsolectin from Bandeiraea simplicifolia. The B4 isolectin from Bandeiraea simplicifolia is a multivalent lectin which is capable of binding to the terminal a-D-g&tCtOSe groups of murine laminin [ 181. We determined the effect of this lectin on the association of the cell surface laminin with the cytoskeleton. As determined by resistance to the detergent extraction, IB4 increased the association of cell surtace laminin with the cytoskeleton in a dose-dependent manner ( fig. 3) .
Effect of increasing cell surface laminin on its association with the cytoskeleton. The above experiments were performed with trace amounts of laminin (1 ng bound/lo6 cells). If one assumes that Np cells have 5x lo4 laminin receptors per cell, as we have previously determined [3] , and that one receptor binds one laminin molecule, then the ['251]laminin used in the above experiments occupy approx. 1% of the available receptors. We examined the effect of increasing amounts of cell surface laminin on its association with the cytoskeleton. This was done by increasing the amount of laminin added to the cells (varying the specific activity). As can be seen in fig. 4 , the percentage of cell surface laminin associated with the cytoskeleton increases as the amount of cell surface laminin bound increases. When >90% of the cell surface laminin receptors are occupied, they are totally non-extractable with detergent ( fig. 4 ).
Inhibition of Laminin-Cytoskeleton Association
Temperature.
In a variety of systems, clustering of cell surface receptors is a temperature-dependent phenomenon [ 171. We therefore examined the effect of temperature on the association of laminin with the cytoskeleton. As shown in table 2, the potentiation of laminin-cytoskeleton association due to high receptor occupancy was not seen at 4°C. This is consistent with the qualitative observations in fig. 1 . Thus, clustering of cell surface laminin is potentiated by high receptor occupancy and is temperature-dependent. Cytochalasin D. We examined the effects of cytochalasin D (CD), which inhibits actin polymerization, on laminin association with the cytoskeleton. Consistent with results seen in fig. 4 , increasing amounts of cell surface laminin increased the percentage associated with the cytoskeleton from 16 % to 89% (table 3) . In contrast, in CD-treated cells, the percentage of cell surface laminin associated with the cytoskeleton under these conditions increased only from 12 to 35 %.
DISCUSSION
In this report we provide evidence for an association of cell surface laminin with the cytoskeleton. This is demonstrated by the resistance of cell surface laminin to detergent extraction. Furthermore, we demonstrate qualitatively by immunofluorescence and quantitatively by ['251 ]laminin binding that the clustering of cell surface laminin by cross-linking agents increases its association with the cytoskeleton. This process is temperature-sensitive and is inhibited by CD. On the basis of these experiments, we propose a model in which laminin immobilized in the basement membrane in vivo is able to organize actin in the cytoskeleton. This would occur through a clustering of cell surface laminin receptors which we fig. 5 .
In previous studies, we isolated a cell surface laminin receptor protein from murine fibrosarcoma cells. This 68-70 kD protein binds to laminin with specificity and high affinity [3] . Similar laminin receptor proteins have now been isolated from a variety of cell types [4, 51. We have also demonstrated previously that laminin receptor protein purified from murine fibrosarcoma cells is capable of binding to the sides of actin filaments in vitro [12] . Based on the ability of this laminin receptor protein to bind extracellular laminin and intracellular actin, we have named the protein 'connectin'.
However, the observation that connectin and actin can interact in vitro does not necessarily indicate that a similar process occurs in the cell. The resistance of clustered cell surface laminin to detergent extraction provides further evidence for a linkage of cell surface laminin to the cytoskeleton in vivo.
There are several mechanisms by which the binding of laminin to its receptor 'connectin' could influence its subsequent interaction with actin. One mechanism postulates a conformational change in the connectin molecule induced by laminin which subsequently affects its affinity for actin. An alternative possibility which does not require a conformational change, is that the clustering of laminin on the cell surface results in the clustering of connectin. Since we postulate that connectin is a transmembrane protein capable of binding to the sides of actin filaments, then the clustering of connectin would bring together multiple actin-binding domains on the inner surface of the plasma membrane. This clustering would lead to an increased apparent affinity of connectin for actin compared with monomeric connectin. If one assumes 5x lo4 connectin molecules/cell [3] , then the clustering of connectin into a dimer would enhance its affinity for actin by lo4 compared with monomeric receptor. Clustering of connectin into a tetramer would enhance its actin binding by lOI compared with monomer (see [19, 201 for the mathematical discussion of interaction of transmembrane proteins with the cytoskeleton). A similar effect of clustering of conA receptors on their association with the cellular cytoskeleton has been reported for lymphocytes [ 171.
There is now increasing evidence that cells may have specific receptors for extracellular matrix components other than laminin. Both fibronectin and collagen may interact with the cell surface via specific membrane receptors [9, lo] . Furthermore, there is evidence for a transmembrane association of these extracellular matrix components with the cellular cytoskeleton [21-231. Findings reported in our studies, taken together with these findings, indicate that the interactions between extracellular matrix and cytoskeleton may be mediated by specific transmembrane extracellular matrix receptors.
